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Received 10 January 2005; accepted 27 May 2005AbstractIn the Czech Republic, river bottom sediments have been systematically monitored since 1999. In the paper, their
radioactive contamination due to uranium mining and milling is assessed. The sediments samples were analyzed by
gamma spectrometry. Especially the radium-226 and radium-228 activities were further evaluated.
The highest values of the radium-226 activities were found at river proﬁles where the uranium industry impact was
obvious. It turned out that the radium-226 and radium-228 activities ratio is more convenient to assess the level of
radium-226 contamination than only the radium-226 activity itself. Based on this hypothesis, the sediment
classiﬁcation scheme for uranium industry contamination was suggested. The natural background activities of radium-
226 and radium-228 in the Czech Republic were also evaluated. The case of radium-226 contamination due to the
uranium industry was studied in details at the Ploucˇnice River.
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In the Czech Republic, there were many uranium ore
mining and milling sites. The Czech Republic had the
ﬁfth rank in uranium mining in the world, which
represents huge amount of mining in a relatively smalle front matter r 2005 Elsevier GmbH. All rights reserved.
no.2005.05.004
ing author. Tel.: +420 220 197 280.
ess: eva_kalinova@vuv.cz (E. Kalinova´).area. The monitoring of the mine water and uranium
industry waste water impact to the surface water quality
has a long tradition. It goes back to the sixties of the last
century, when a complex monitoring of the uranium ore
mining impact to the hydrosphere was started. Mostly
the radium-226 and uranium concentrations were
determinated in the Ploucˇnice river basin (Hanslı´k,
Mansfeld, Justy`n, Moucha, & Sˇimonek, 2002; Hanslı´k,
Sˇimonek, Kalinova´, Ivanovova´, Brtvova´ et al., 2004).
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E. Hanslı´k et al. / Limnologica 35 (2005) 177–184178In the early nineties, monitoring of radionuclides in
sediments was included in the Elbe Project (Benesˇ &
Nondek, 1993). In 1999, the systematic monitoring of
river bottom sediments was started as a part of a Czech
Hydrometeorological Institute program. This monitor-
ing takes in a gamma spectrometric analysis, too. The
goal of this monitoring is to gain more detailed
knowledge on the background of natural radionuclides
and on possibilities for assessing of the anthropogenic
inﬂuence.Methods
Within this Czech Hydrometeorological Institute
monitoring, in 1999, 22 samples of river bottom
sediments were taken by state enterprises Povodı´. Since
the year 2000, the samples have been taken at 44
sampling sites twice a year. These sampling sites cover
the entire Czech Republic. The map of the sediments
sampling sites and of the uranium mines is in Fig. 1. The
samples were homogenized immediately; their grain size
was lower than 2mm.
Further, the samples were processed at the radiolo-
gical laboratory of T.G. Masaryk Water Research
Institute. For the gamma spectrometric analysis, the
samples were dried at 105 1C and closed into measuring
containers. The gamma spectrometric measurement was
performed at CANBERRA instrument with semicon-
ductor germanium detector according to a standardized
procedure (ISO 10703, 1997). For further assessment,
especially the radium-226 and radium-228 concentra-
tions were used. The results were given in Bqkg1 of dryFig. 1. Map of sediments sampling sites and active anmatter. The detection limits were about 2 Bqkg1 for
radium-226 and radium-228 in sediments (the probabil-
ities of the errors of ﬁrst and second kinds were 0.05
each). The uncertainties of the gamma spectrometric
measurement were evaluated as expanded uncertainties;
the value of the coverage factor was 2. The measured
activities were averaged (average of two values) and
annual average activities in particular proﬁles were
further assessed.Results and discussion
In the monitored period, the annual average value of
the radium-226 activity was (7077) Bq kg1 in the river
bottom sediments in all proﬁles (including proﬁles
inﬂuenced and uninﬂuenced by the uranium mining).
The annual average values in particular years are quite
even and so the minimal values are. The minimal annual
radium-226 activity was (1671) Bq kg1 in monitored
period. The maximal values range is larger and they
represent, excluding the year 1999, the Ohrˇe Zˇelina
proﬁle. This proﬁle is contaminated by the radium-226
from uranium mining and also from an accident of a
tailing pond at uranium ore milling plant in Nejdek in
1963 (Hanslı´k & Ru˚zˇicˇka, 1991). Annual average,
minimal and maximal values of the radium-226 activities
for the period 1999–2003 are given in Table 1. The
radium-226 activities distribution in sediments in the
Czech Republic in the period 1999–2003 is in Fig. 2.
Detected activities of radium-228 correspond with the
natural background in the water environment. Anthro-
pogenic contamination with this radionuclide did notd inactive uranium mines in the Czech Republic.
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Table 1. Annual average, minimal and maximal values of the radium-226 activities in river bottom sediments for the period
1999–2003
a(226Ra) (Bq/kg) 1999 2000 2001 2002 2003
Average 6974 78710 7179 6675 6876
Minimum 2471 2071 1671 2171 1872
Maximum 381714 1375763 585755 427725 292721
Fig. 2. Radium-226 activities distribution in river bottom sediments in the Czech Republic in the period 1999–2003.
Table 2. Annual average, minimal and maximal values of the
radium-228 activities in river bottom sediments for the period
1999–2003
a(228Ra) [Bq/kg] 1999 2000 2001 2002 2003
Average 5373 4473 5073 5374 5473
Minimum 1971 2072 1672 2071 1872
Maximum 21179 11576 12776 13377 12776
E. Hanslı´k et al. / Limnologica 35 (2005) 177–184 179occur because thorium ores were not mined in the region
of the Czech Republic. The average radium-228 activity
in the sediments was (5173) Bq kg1 in the 44 mon-
itored proﬁles in the period 1999–2003. The minimal
and maximal values of radium-228 activities ranged
between (1672) Bq kg1 and (21179) Bq kg1. Annual
average, minimal and maximal values of the radium-226
activities for the period 1999–2003 are given in Table 2.
The radium-228 activities distribution in sediments in
the Czech Republic in the period 1999–2003 is in Fig. 3.
Based on the radium-226 and radium-228 occurrence
assessment, it turned out that the radium-226 and
radium-228 concentrations ratio is more convenient to
assess the level of radium-226 activities than only the
radium-226 activity itself. The radium-226 and radium-
228 activities ratio approximates to one in natural
samples that have not been inﬂuenced by the uranium
industry. Conversely, in the areas of uranium mining
and milling, the ratio values rate far higher. Due to
uranium industry contamination, the radium-226 activ-
ities increase, while the radium-228 activities stay at the
natural level. Uranium mining and milling was alsofound to be an important source of radium-226
contamination by Fernandas, Veiga, Franklin, Prado,
and Taddei (1995).
Based on this hypothesis, in the Water Research
Institute, the sediment classiﬁcation scheme for uranium
industry contamination was suggested (Hanslı´k, 1997)
and it is summarized in the Table 3. The expanded
combined uncertainties of the radium-226 and radium-
228 activities ratios were about 25%. Therefore, the
threshold value for the ﬁrst class was stated as 1.5, so the
sediment classiﬁcation into the ﬁrst class covers also the
measurement uncertainties.
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Fig. 3. Radium-228 activities distribution in river bottom sediments in the Czech Republic in the period 1999–2003.
Table 3. Sediment classiﬁcation scheme for uranium industry contamination based on the radium-226 and radium-228 activities
ratio
ðað226RaÞ=að228RaÞÞ Contamination class Characteristics
p1.5 I Natural occurrence of radium-226
41.5–2.0 II Slight contamination from uranium industry, coal mining, industrial waste
42.0–5.0 III Contamination from uranium industry
45.0–10.0 IV Strong contamination from uranium industry
410.0 V Very strong contamination from uranium industry
E. Hanslı´k et al. / Limnologica 35 (2005) 177–184180The sediments, sampled in the monitored proﬁles
during the period 1999–2003, were classiﬁed into the
radium-226 contamination classes (see Fig. 4). Most of
the proﬁles were classiﬁed in the ﬁrst class; they were not
contaminated (84–91%). However, some of the mon-
itored proﬁles were classiﬁed as slightly contaminated
(2–11%), contaminated (2–9%), strongly (0–5%) or
even very strongly contaminated (0–2%). These proﬁles
are especially at the Ohrˇe and Ploucˇnice Rivers, where
the uranium industry contamination is obvious.
In Table 4, some selected proﬁles are compared in
more detail. In the table, the annual average radium-226
and radium-228 activities in particular years of mon-
itoring and the average ratio of both radionuclides are
given. The most signiﬁcant contamination was found in
three of the monitored proﬁles: Ohrˇe Zˇelina, Ohrˇe
Louny and Ploucˇnice Benesˇov nad Ploucˇnicı´, where the
inﬂuence of the former uranium ore mining is obvious.
Bı´lina U´slı´ nad Labem and Olsˇe Veˇrˇnˇovice proﬁles areprobably inﬂuenced by the coal mining and processing
(Schmid & Wiegand, 2003). The Labe Deˇcˇı´n proﬁle is
evaluated at the range of the I and II contamination
classes. This proﬁle is potentially inﬂuenced by its
tributaries Ohrˇe and Ploucˇnice Rivers. In the table, the
Luzˇnice Bechyneˇ proﬁle is also given as an example of a
noncontaminated proﬁle, where the natural occurrence
of both radionuclides is higher than in some contami-
nated ones. The radium-226 and radium-228 ratio is,
however, lower than 1.5.
At Ploucˇnice River, where uranium mining and
processing plants existed, radium-226 contamination of
sediments was monitored for the longest time period and
in most details (Hanslı´k et al., 2004). Radium-226 and
radium-228 activities in sediments were monitored in the
period from 1994 to 1998 and in 2004. Samples were
collected in seven proﬁles along the Ploucˇnice River
stream, downstream of the mine water outﬂow. These
proﬁles were marked S1–S7. A reference proﬁle S8 was
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Fig. 4. River bottom sediments classiﬁcation into the radium-226 contamination classes I–V based on the radium-226 and radium-
228 concentrations ratio.
Table 4. Radium-226 and radium-228 activities and their ratios in sediments in selected proﬁles








a(226Ra) (Bq/kg) 1999 * * 12575 381714 3172 8873 6673
2000 13757126 8174 8374 9775 3772 7374 9975
2001 585755 12473 18177 11276 3472 7074 10873
2002 427750 15277 150710 146710 4372 9575 10775
2003 343722 186712 162712 228713 2772 9477 8675
a(228Ra) (Bq/kg) 1999 * * 3773 21179 1971 6073 7874
2000 59712 2372 3373 5673 2272 4973 11576
2001 11178 2777 3573 7074 2373 4172 9375
2002 11878 3473 4074 7876 2972 6474 13377
2003 10978 6676 6076 12776 1872 71710 11676
ðað226RaÞ=að228RaÞÞ Average
1999–2003
8.872.1 3.8870.34 3.5070.33 1.7670.13 1.5670.13 1.5070.14 0.8870.08
E. Hanslı´k et al. / Limnologica 35 (2005) 177–184 181also sampled. Azevedo, Amaral, and Godoy (1988) also
monitored the radium-226 activities in river sediments
surrounding uranium milling and mining facilities. They
studied the radium-226 transport downstream the rivers
and their results indicated the sediments are the
important mean of the radium transport. Radium-228
was also taken as an indicator of the natural variations
here.
The results of the radium-226 monitoring are
graphically presented in Fig. 5. It results in the
contaminated sediments being transported downstream
of the mine water outﬂow and they settled between the
S2 proﬁle and S5 proﬁle, of the diagram. S7 proﬁle alsoshows increased radium-226 contamination. This proﬁle
is characterized by slowing of the river ﬂow and by
sedimentation of ﬁne-grained silt. The ﬁne-grained
matter contains more radioactive substances than
coarse-grain particles. In the ﬁgures, the grain sizes of
the collected sediment samples are characterized by a
parameter d50, which represents a grain size with 50%
occurrence probability. It means that after the sieve
analysis, half of the sediment mass has d50 grain size or
lower. At all signiﬁcantly contaminated proﬁles, the
radium-226 contamination was decreasing in the mon-
itored period 1994–1998. In 2004, the trend was veriﬁed.
In 1994, the ﬁrst year of the monitoring, the maximal
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Fig. 5. Changes in radium-226 activities distribution in river bottom sediments in the Ploucˇnice River proﬁles S1–S7 and in the
reference proﬁle S8 in the period 1994–1998 and 2004.
E. Hanslı´k et al. / Limnologica 35 (2005) 177–184182radium-226 activities were 700–1000 Bq kg1 and in
1998, the maximum was (592753) Bq kg1. In 2004,
the maximum observed in the S3 proﬁle was
(457741) Bq kg1. The lowest radium-226 activities
values at Ploucˇnice River already approximated the
values at the reference proﬁle S8; they were about
50Bq kg1.
Using the gamma spectrometry, the activities of
radium-228 were determined besides the radium-226
activities in the samples. The results of the radium-228
monitoring at the Ploucˇnice River are graphically
presented in Fig. 6. The radium-226 and radium-228
activities assessment showed that the radium-228
occurrence is signiﬁcantly lower than the radium-226
occurrence and more or less alike at all monitored
proﬁles—in the contaminated proﬁles at the Ploucˇnice
River and at the reference proﬁle, too. For example, in
1998, the radium-228 activities were in range from
(1772) to (6274) Bq kg1 and in 2004, the range was
(1772)–(5873) Bq kg1.
For all collected samples, the radium-226 and radium-
228 activities ratio was calculated as an indicator of the
uranium industry contamination. The results are gra-
phically presented in the Fig. 7. The radium-226 and
radium-228 ratio average value in the contaminated
proﬁles S1–S7 was 11.9 in 1994, 7.8 in 1995, 6.2 in 1996,
5.9 in 1997, 5.3 in 1998 and 4.7 in 2004. In the
noncontaminated reference proﬁle S8, the average
radium-226 and radium-228 activities ratio was 1.4 in
the period of the monitoring. The uncertainties of the
ratios were approximately 25%. Using the sediment
classiﬁcation scheme according to the radium-226 and
radium-228 ratio, which was inferred from the systema-
tic state monitoring, all the monitored proﬁles at thePloucˇnice River would be classiﬁed in the IV or V class.
It means, all the monitored proﬁles, excluding the
reference proﬁle, would be classiﬁed as strongly or very
strongly contaminated by the uranium industry. How-
ever, the contamination level has a decreasing trend.
The radium-226 and radium-228 activities ratio was
similarly used by Barth et al. (2000), who studied the
sediments dating according to the natural radionuclides
occurrence. According to the ratio value higher than
one, they identiﬁed the sediments layers with uranium
industry contamination in the Mulde River in Germany.
Also Tims, Hancock, Wacker, and Fiﬁeld (2004) used
the ratio of the activities of radium-228 and radium-226
in soils to indicate the dispersion of the uranium mining
residues into the environment.
Not only uranium mines can be a source of
anthropogenic radium-226 contamination of the envir-
onment. Love, Esser, and Hunt (2003) used the radium-
226 and radium-228 ratio to indicate anthropogenic
source of radium-226 in the San Francisco Bay
sediments. From the knowledge of the radium-228
activity, they inferred the natural occurrence of the
radium-226 in the contaminated sediments and the
anthropogenic contribution of radium-226. El Mamo-
ney and Khater (2003) studied the impact of the oil
exploration and phosphate mining to Red Sea sedi-
ments. They also calculated the radium-226 and radium-
228 activities ratio and he studied the relationship
between this ratio in the samples and the location of the
facilities that may contribute to the radium-226 con-
tamination.
The data, gained in the monitoring, were also used
to evaluate natural background concentrations of
radium-226 and radium-228 in the Czech Republic.
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Fig. 6. Changes in radium-228 activities distribution in river bottom sediments in the Ploucˇnice River proﬁles S1–S7 and in the
reference proﬁle S8 in the period 1994–1998 and 2004.
Fig. 7. Changes in radium-226 and radium-228 activities ratio distribution in river bottom sediments in the Ploucˇnice River proﬁles
S1–S7 and in the reference proﬁle S8 in the period 1994–1998 and 2004.
E. Hanslı´k et al. / Limnologica 35 (2005) 177–184 183For the radium-226 background evaluation, only the
data from the I class (not contaminated) proﬁles were
included in the evaluation. The proﬁles inﬂuenced by
the human activity (uranium ore or coal mining)
were not included into this evaluation. For radium-
226, the average value of the natural background
concentration was (4973) Bq kg1 and for radium-228
it was (5173) Bq kg1 (all proﬁles included). These
values of the natural background concentrations corre-
spond with the natural ratio of both radionuclides,
which is approximately one in the Czech Republic
region. The results of the radium-226 and radium-228natural background in the Czech Republic are given in
Table 5.Conclusions
Within the Czech Hydrometeorological Institute
monitoring, the concentrations of natural radionuclides
radium-226 and radium-228 were monitored in the river
bottom sediments. The natural background of these
radionuclides and human activities inﬂuence to the
ARTICLE IN PRESS
Table 5. Values of the radium-226 and radium-228 natural
background in the Czech Republic in the period 1999–2003
a (Bq/kg) 1999 2000 2001 2002 2003 Average
226Ra 4572 4473 5373 5073 4974 4973
228Ra 5373 4473 5073 5374 5473 5173
E. Hanslı´k et al. / Limnologica 35 (2005) 177–184184water environment were evaluated. The average value of
radium-226 background activity was (4973) Bq kg1
and the average radium-228 background was
(5173) Bq kg1.
It turned out, that the sediments are very good
indicators of radioactive contamination, including the
old loads, especially the radium-226 contamination due
to former uranium mining and milling. The radium-226
contamination rate can be conveniently assessed accord-
ing to the radium-226 and radium-228 concentrations
ratio. This approach complements the assessment
according to the radium-226 activity itself.
The results of the detailed monitoring of radium-226
contamination at the Ploucˇnice River showed the long-
term process of the hydrosphere quality improvement
after the contamination by the radioactive substances
from the uranium industry. The average radium-226 and
radium-228 ratio at Ploucˇnice River was 11.973.0 in
1994 and in the last monitored year, 2004, it was
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